We report a single-valued potential energy surface for HO 4 2 A from the double many-body expansion method. All n-body n 2±4 energy terms are taken from published studies on the relevant fragments, with a ®ve-body energy term of Gaussian form added to mimic the experimental activation energy for the OHv 0 O 3 reaction. A detailed dynamics study of this reaction is also reported using classical trajectories. Good agreement with existing experimental data is obtained. Ó
Introduction
The hydrogen±oxygen systems play a central role in the chemistry of Earth's atmosphere [1, 2] , combustion chemistry [3] , and laser processes [4] . In particular, the reaction OH O 3 3 HO 2 O 2 1 in¯uences the steady-state concentration of many trace gases which are important in stratospheric chemistry (the enthalpy of reaction is DH 0 À40X01 kcal mol À1 [5] ). It is also part of the so-called HO x catalytic cycle for destruction of ozone in the natural stratosphere [1] . Moreover, in combination with HO 2 O 3 3 OH 2O 2 , they form a reaction sequence which acts as a catalytic cycle for removing odd oxygen. This cycle is particularly important at altitudes below 25 km since it does not require oxygen atoms as do similar catalytic cycles involving nitrogen oxides or chlorine species [6] .
Although much studied experimentally [5,7±9] , no single theoretical study of the reaction in Eq. (1) has been reported in the literature so far. Since it is an important prototype reaction, which may even have social implications, such lack of theoretical work can only be attributed to diculties in calculating a reliable HO 4 2 A potential energy surface by correlated ab initio methods. Although largely due to the number of electrons involved, such computational diculties get compounded by the fact that it is a ®ve-atom system spanning a nine-dimensional (9D) con®guration space. In fact, although there has been an increasing number of studies on four-atom reactions [10] , very few have been so far carried out on ®ve-atom species using global potential energy surfaces that cover all possible reaction channels. To our knowledge, the only available studies refer to ®ve-atom [11, 12] and six-atom [11] hydrogenic systems H n , and hence bene®t from the small number of electrons and high permutational symmetry of the molecular 8 
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Chemical Physics Letters 331 (2000) 474±482 www.elsevier.nl/locate/cplett system. We emphasize the methodological diculties due to the fact that there are 10 possible diatomic fragments but only 3 Â 5 À 6 9 Decius independent local normal coordinates [13, 14] . However, we avoid any expansion in terms of these coordinates and hence such a problem will be absent here. A major goal of the present work is to report a global double many-body expansion (DMBE) potential energy surface for HO 4 2 A using previously reported information on the relevant n-body fragment systems: OH [15, 16] , HO 2 [17] , O 3 [18] , HO 3 [19] , and O 4 [20] . The DMBE potential energy surface so-obtained when truncated at the four-body level (denoted DMBE-4B heretofore) will then be complemented with a simple ®ve-body energy term of Gaussian form whose parameters are calibrated from available data on the OHv 0 O 3 experimental activation energy and the requirement that no spurious features arise on the complete DMBE form. This will then be employed for detailed dynamics studies of the title reaction over the range of temperatures 200 6 T 6 500 K using the classical trajectory method. This Letter is organized as follows. Section 2 provides a description of the HO 4 2 A DMBE potential energy surface, while the trajectory calculations are described in Section 3. The dynamics results are presented and discussed in Section 4, while the conclusions are in Section 5.
Potential energy surface
The potential energy surface assumes the form
which is the familiar DMBE [14,21±25] for singlevalued surfaces. Thus, R n speci®es any set of nn À 1a2 interatomic distances referring to n atoms, which is a subset of
, and the energies of the isolated atoms have been taken as the reference energy. For the labelling of the atoms and de®nition of the associated interatomic coordinates, see Fig. 1 which shows the predicted molecular structures for the saddle point of the reaction OH O 3 3 HO 2 O 2 , the absolute minimum of the HO 4 2 A DMBE potential energy surface, and the OH Á Á Á O 3 van der Waals minimum (see later). Note that the potential energy is partitioned in Eq. (2) into an extended-Hartree±Fock (EHF) part and a dynamical correlation (dc) part. All n-body EHF terms up to four-body level have been taken from previous work [15,17±20] on the relevant fragment species. Similarly, the dc and remaining long-range terms such as electrostatic energies have been included up to the largest possible n-body level by using information reported elsewhere [15,17±20] on such interactions. Of course, the use of Eq. (2) to represent the potential energy surface of interacting atoms of any spin state and angular momentum rests on the complete neglect of the spin-recoupling and orientational eects which are inherent to the HO 4 2 A system [25] . Such eects are introduced in an approximate way through appropriate calibration of the various n-body energy terms. Clearly, crossing seams are ignored and smoothed up. , / m 46X890°. The major features from this plot are seen to be the occurrence of a potential barrier in the entrance channel, and the fact that the reaction has a classical exoergicity of 42X2 kcal mol À1 . Clearly, the barrier height ($12.5 kcal mol À1 ) looks appreciably higher in this plot than it is in reality, which is due to lack of proper relaxation of the remaining degrees of freedom. Indeed, the localization of such a barrier is a problem far from trivial, which has been solved numerically using cartesian coordinates. The calculated geometry, energy (relative to the OH O 3 reactants asymptote), and harmonic normal mode frequencies are reported in Table 1 . Although the classical barrier height V b 3X82 kcal mol À1 calculated from the DMBE-4B potential energy surface is only about 2 kcal mol À1 higher than the recommended [5] has been selected from the requirement that the ®nal DMBE potential energy surface should be smooth and with no apparent spurious features. Although the barrier is visibly lower, a plot of the resulting surface looks similar to Fig. 2 for DMBE-4B and hence will not be shown for brevity; for the saddle point attributes, see Table 1 .
The calculated minimum energy reaction path for the title reaction is shown in Fig. 3 . The salient feature is the minimum in the HO 2 O 2 products valley. In fact, this corresponds to the absolute minimum of the DMBE potential energy surface and leads to the prediction of a HO 4 species which is stable by about 15 kcal mol À1 relative to O 2 HO 2 if zero-point energies are ignored; see 
Trajectory calculations
The quasiclassical trajectory (QCT) method has been used to study the title reaction, with the trajectories being run using adapted versions of the MERCURY/VENUS96 [28] codes. Calculations have been carried for diatom±triatom translational energies in the range 1X2 6 E tr akcal mol À1 6 16, as speci®ed in Table 2 . In all cases the initial vibrational and rotational quantum numbers of the colliding OH molecule have been ®xed at the ground level v 0Y j 1. Similarly, the O 3 molecule has been kept in its ground vibrational state v 1 0Y v 2 0Y v 3 0 while its rotational energy has been determined by using the microcanonical sampling scheme for a temperature of 300 K; v 1 is the quantum number for the symmetric stretching vibrational normal mode, v 2 the bending normal mode, and v 3 for the asymmetric stretching normal mode. The determination of the step size for numerical integration has been done by trial-and-error on the basis of accuracy requirements. A value of 1X5 Â 10 À16 s has been found sucient to warrant conservation of energy to better then two parts in 10 5 . In turn, the diatom±triatom initial separation has been ®xed at 9 # A, a value suciently large to make the interaction negligible. The maximum value of the impact parameter b max has been determined by following the usual procedure, with an estimated accuracy of AE0.1 # A or so. A total of 3X8 Â 10 4 trajectories has been run, which was enough to yield reactive cross-sections with an error smaller Table 2 with four decimal ®gures. Of course, such an accuracy is virtually impossible to get close to threshold, and we have used the overall quality of the ®t to justify its reliability there.
For a speci®ed translational energy E tr , the reactive cross-sections are given by r r pb 2 max P r , and the associated 68% uncertainties are Dr r N À N r aNN r 1a2 r r ; N r is the number of reactive trajectories in a total of N, and P r N r aN is the reactive probability. From the reactive cross-section and assuming a Maxwell±Boltzmann distribution over E tr , the speci®c thermal rate coecients are then obtained as
where g e T 1 expÀ205aT À1 accounts for the electronic degeneracies, k B the Boltzmann constant, l the reduced mass of the reactants, and T is the temperature. 
Results and discussion
where a, b, c and d label the four O atoms. In the case of indistinguishable atoms, the reactions in Eqs. (5) and (6) have similar probabilities of occurrence. The channel
is essentially closed due to the high barrier encountered when attacking the central O atom of ozone. Thus, the probability for reaction (7) to take place is very small or zero.
Although not reported for brevity, interatomic distance vs time plots for a series of reactive trajectories yielding HO 2 O 2 have shown that they are short-lived. This might have been expected since the reaction occurs over a barrier and is highly exoergic. In fact, the average complex lifetime for the reactive trajectories at E tr 8 kcal mol À1 has been found to be 0.19 ps. To obtain this value we have used the following very simple procedure: ®rst, we subtracted for every reactive trajectory the collision time of the reactive trajectory which had the smallest duration, and then attributed the excess time to the lifetime of the complex. Such a scheme should be realistic in the presence of direct collision dynamics as it happens to be the case in the present work. Note that the complex lifetimes estimated in the present work are enough only to allow a few oscillations in the vibrational modes of the complex, and hence can hardly warrant the possibility of internal energy exchange. We have also carried out an analysis of the scattering angle distribution for E tr 8 kcal mol À1 . We have observed that the scattering tends to be forward, with the average scattering angle being approximately 68.4°. The corresponding product energy distribution is given in Table 3 . Clearly, the product's internal energy is mostly channeled into vibration of the HO 2 molecule. This suggests that the non-attacked O±O bond of the ozone molecule acts essentially as a spectactor, remaining vibrationally cold after formation of the products. We now examine the shape of the excitation functions (cross-section vs translational energy) which is shown in Fig. 4 together with the associated 68% error bars for formation of HO 2 O 2 . One observes the common pattern found in reactions which have an energy threshold, i.e., r r is an increasing function of E tr . Such a threshold has been found to be close to E th tr $ 1X056 kcal mol À1 , i.e., the classical barrier height of the DMBE potential energy surface. Indeed, a batch of one thousand trajectories run for E tr 1X0 kcal mol À1 has shown no reactive trajectories at all. Its location has also been con®rmed by plotting lowenergy trajectories over the xY y plots in Fig. 3 . To analytically describe r r E tr , we have used the form
where E th tr 1X056 kcal mol À1 , and the remaining parameters have been determined from an eye-®t to the calculated cross-sections: C 0X0925Y n 2X037, and m 0X0355 (units are such that with the energy in kcal mol À1 the cross-section comes in a 2 0 ). Clearly, the line ®ts the data within the calculated error bounds.
The kinetics of the OHv 0 O 3 reaction has been much studied experimentally, and is now brie¯y surveyed. [8] Fig. 5 . These are obtained by substituting Eqs. (8) and (9) in Eq. (4) and performing the integration analytically, yielding 4), while the available experimental data [9] , ®tted Arrhenius plots [8, 9, 29, 30] , and curve [5] recommended by the IUPAC Subcommittee on Gas Kinetics Data Evaluation for Atmospheric Chemistry are also indicated.
where all symbols have their usual meaning. The agreement with the recommended data is seen from Fig. 5 to be good over the whole range of temperatures.
Conclusions
We have carried out a QCT study of the reaction OHv 0 O 3 3 HO 2 O 2 using a newly developed DMBE potential energy surface for ground-state HO 4 . Although using an empirical calibration of a simple ®ve-body energy term, the calculated kT vs T curve was shown to agree well with the recommended data over the whole range of temperatures, where the calculations and experimental data overlap. Thus, the current potential energy surface seems to be realistic at least for studying the kinetics of the title reaction. Such a result can provide also an indication on the convergence of the many-body expansion. Indeed, by considering the total energy, one gets for the n-body energy sum (up to n 5) at the OH O 3 saddle point geometry the series À0X55646 0X14524 0X01400 À 0X00440 (all numbers represent the total n-body energy in E h ). Clearly, different results may presumably be obtained for other representations of the n-body energies if they become available, but one expects such changes to be not drastic. We therefore observe a good rate of convergence at the saddle point geometry, although we must take an uncommitted view for other geometries. Rather than implying that one may ignore high-order n-body energies, convergence of the many-body expansion may be taken [13] as an indication that it may generally suce to choose simple n-body energy forms as in Eq. (3) to obtain a useful description of the full potential energy surface. Thus, the approach followed here may also be illuminating to study the reaction HO 2 O 3 3 OH 2O 2 . Indeed, this exploratory work may call for further studies. First, one may use the current HO 4 DMBE potential energy surface to investigate the kinetics of the title reaction for vibrationally excited states of OH, where experimental data is available ( [5] , and references therein). Second, it would be interesting to investigate whether the weakly stable HO 4 species predicted from the current work has further theoretical support. For this purpose, a characterization of the HO 4 2 A potential energy surface using correlated ab initio methods will be most valuable, and is currently under investigation in our group.
